The present paper is devoted to the experimental study of the mechanical behavior of high-density polyethylene structure subjected to traction and welded by means of butt-welding process. We were based ourselves on experimental tests which have been carried out to characterize the material studied, introducing the ductility or fragility of the bead welded section, and understood the effect of crosshead speeds on the mechanical behavior of the weld bead. The experimental results of the welded specimens are compared with those corresponding to the base material. In this study, two crosshead speeds of 10 and 50 mm/min were applied to make the comparison.
Introduction
Butt-welding is adopted as a process of assembling highdensity polyethylene (HDPE) pipes of different diameters (Di) to transport gas or water and this depends on the welding conditions.
Various authors such as Costa et al. [1] have studied and proposed the classification of fusion consolidation of thermoplastic matrix composites and several studies have been carried out to study the simulation of large deformations in polymers. Neale and Tugcu [2] carried out an FEM analysis of a cylindrical tensile test specimen and studied the deformation in HDPE thoroughly at the microscopic and macroscopic levels.
Zhang and Ben Jar [3] used a phenomenological hybrid approach based on experimental tests and FE simulations to model the deformation and ductile fracture of annular samples prepared from a commercial polymer tube and studied the effect of the rate of change of damage on the deformation and rupture behavior of a sample of polymer pipe.
The main aim of this study is to compare and estimate the durability between two cases, unwelded and welded specimens of HDPE, by means of butt fusion procedure to know the physical quantities and understanding the effect of the deformation velocity on the mechanical behavior of the weld joint (bead) of a HDPE pipe welded by conditions proposed by us, such as the melting temperature and the pressure force, as defined in Table 1 .
We performed two trials for each case and for the same stretching rates (Ve). The temperature of all the tests equals the ambient temperature (Ta = 23 ∘ C); the ratio of the nominal dimensions, SDR, of the tubes (diameter and thickness) is constant. This constant is determined using Equation (1):
2 Experimental study
Material studied
The material used in this study is HDPE. It is a semicrystalline thermoplastic widely used in engineering applications such as pipelines and pressure vessels. In the literature, various studies [4] [5] [6] have examined the microscopic structure and plastic deformation processes of thin films of HDPE. Figure 1 shows the observation of the formation of microstructural defects by SEM in HDPE [7] . The study ma- Figure 1: Observation of the formation of microstructural defects by SEM in HDPE [7] terial was manufactured as granules and imported by the company STPM CHIALI located in Sidi Bel Abbes (Algeria) [8] . It was then extruded to make tubes of different diameters. The extrusion conditions are determined in order to ensure the most homogeneous cooling. The technical, physical, and chemical specifications of the material studied are summarized in Table 2 . 
Uniaxial tensile tests UT
The uniaxial tensile tests UT were carried out on dumbbell specimens of type IV ( Figure 2 ): thickness T = 6 mm, width of narrow section Wc = 6 mm, length of narrow section L = 33 mm, width overall Wo = 19 mm, length overall Lo = 100 mm, gage length G = 25 mm, distance between grips D = 65 mm, outer radius Ro = 25 mm, and radius of fillet R = 14 mm. The mechanical tests were carried out with a Zwick/Roell-type machine with a capacity of 20 kN [9] . All dimensions of the specimens are taken according to ASTM standard D638-03 [10] . The specimens were picked from the welded HDPE tube (butt-welding) parallel to the direction of extrusion and were stretched by two stretching speeds (Ve = 10 and 50 mm/min). For the two stretching rates proposed during the test, the true strain rate was determined graphically for each of the two cases studied.
Experimental results
The results obtained from the tensile tests for different stress velocities are shown in Figures 3-6 . It is observed that the general appearance of stress-strain curves is characterized by four main zones: (I) a linear response that translates the elastic behavior to small deformations; a second part (II) which reflects the appearance of the plastic deformation; a third part (III) characterizing the beginning of the structural hardening stage because of the reor- ganization of the chains in the direction of stress; finally the last part (IV) marked by a hardening before the final rupture. These figures show that the mechanical behavior of these two different stretching speeds takes into account the sensitivity to the strain rate.
For the case of unwelded specimens, it is observed that the base material is ductile at high stress for which the lifetime is sensitive to the stress with a stressing speed Ve = 10 mm/min (έ = 0.3 s −1 ) and with an ultimate tensile strength of 249.899%. At a loading speed Ve = 50 mm/min (έ = 1.6 s −1 ), this material has a fragile character for which the lifetime is much less sensitive to stress because the strain at break is 46.82%. At the same loading speed Ve = 50 mm/min (έ = 1.6 s −1 ), this welded material has a fragile character for which the lifetime is much less sensitive to stress because the breaking strain is 44.51%. This means that the plastic deformation zone is larger in the case of the unwelded specimens than the welded ones. From true stress-true strain curves (Figures 7-10 ) and in the case of the specimens made of base materials, it is observed that the studied HDPE presents a significant in- crease in the flow stress, with the rate of deformation depending on the Young's modulus. Some authors [11] [12] [13] have shown that this increase is because of the secondary process of the molecules. The HDPE exhibits a fragile behavior at different higher deformation rates. The true deformation rate has a great influence on the mechanical response of HDPE. In particular, the elastic limit increases with the rate of deformation.
At a low true deformation rate (έ = 0.3 s −1 ), and for both cases, specimens made of base material and welded material, the curves presented two parts: linear which can be interpreted as a linear elastic behavior which seems to have a true slope as a function of the deformation rate and the other nonlinear which indicates the sensitivity of the deformation velocity. On the other hand, by increasing the true strain rate (έ = 1.6 s −1 ), the curves do not reach the part that characterizes the curing stage before the final rupture. This leads us to say that welding with the proposed parameters at a true strain rate ofέ = 0.3 s −1 is efficient. 
Numerical study
The material studied may exhibit some hyperelastic behavior in addition to viscoelastic-viscoplastic performance. Numerically, using the calculation code for finite element used as models for both performances, it is sufficient to determine the related constants for the materials. The viscoelastic-viscoplastic constitutive model used in our study was developed as user-defined material and the material parameters were implemented in the UMAT to verify the constitutive equation. The type of element used was C3D8R, which is an element with eight nodes of first order with reduced integration. The results of this simulation are related to the mesh of the specimen.
Constitutive models
In this work, three constitutive models are studied to characterize the material: elastic model, viscoelasticviscoplastic model, and hyperplastic model.
Elastic model
It is well known that the criterion of plastic deformation can be expressed as follows::
The stress-strain relationship given in Equation (3) was adopted for plastic deformation, combined with a stress-strain polynomial relation in the elastic zone. This equation expresses the hardening part and was modified by Hutchinson and Neale [14] .
To make calculations easier, the material used is considered to be isotropic. The relations are then reduced to those of Hooke's law of the theory of elasticity.
Viscoelastic-viscoplastic model
The constitutive model used in the simulation was the combined viscoelastic-viscoplastic model implemented with the overlapping method. Rheological models composed of springs and dashes are usually adopted in the modeling of the elasticviscoplastic behavior of semicrystalline polymers [15] (Figure 11) .
In general, rheology assumes that the physical properties of a polymer structure vary continuously from point to point. The rheology can be classified into three types: Figure 11 : Rheology used to describe the wide range of deformation of vitreous polymers [17] 1. Experimental rheology: It determines experimentally the behavioral relationship between the stresses and the rate of deformation. 2. Structural rheology: It explains the behavior of the material from its structure. 3. Theoretical rheology: It provides mathematical models in a limited number of behaviors independently of the microscopic structure [16] .
Hyperplastic model Model Arruda-Boyce
The Arruda-Boyce model is based on molecular considerations to explain the mechanical behavior of stress-strain of polymer materials. This model calculates the deformation energy as the sum of the deformation energies of the individual chains [Equation (6)]:
where W is the deformation energy, µ the shear modulus, c constant material, λm extended, D the ratio of 2/k, k the low stress mass module, J el the elastic volume ratio, and I the invariant of the strain tensor given by
The deformation energy density function for the incompressible Arruda-Boyce model is given by [18] 
Model Mooney-Rivlin
This model is an alternative to the phenomena of molecular models. The behavior of the polymers is only partially explained over the entire deformation spectrum. For a given strain, the stress is determined as the derivatives of the strain energy density with respect to the deformation components.
Mooney and Rivlin then proposed a general expression of the free energy considered without a molecular interpretation of its terms. Mooney's main assumptions are that the polymer is incompressible and isotropic in its undeformed state. The Mooney-Rivlin model has as starting point the three deformation invariants (independent of the chosen coordinate system):
where λ 1 , λ 2 , and λ 3 are three main extended reports.
The equation of the strain energy density is given by
Model neo-Hookean
This model was established by the study of the polymer. The neo-Hookean model is a simplified model of the Mooney-Rivlin model. It is based on a reduced polynomial model when considering N = 1 n is introduced:
5 Numerical results
Characterization and law of mechanical behavior
The 
Determination of the energy of deformations
In order to validate the experimental results of the tensile tests by numerical simulation, we carried out a second FEM simulation with available hyperelastic models to determine the deformation energy. The hyperelastic models were used (Arruda-Boyce, Mooney-Rivlin, neo-Hookean) by means of the theory of nonlinear elasticity. The main parameters of the hyperelastic models obtained in the simulation are summarized in Table 3 . Figures 16 and 17 illustrate the stress evolution as a function of the deformation of the hyperelastic models of base material. For the two applied stress rates (έ = 0.3 and 
Conclusion
In this work, the influence of stretching speed (Ve) and strain rate (έ) on the behavior of the welded tube is studied at the proposed conditions. The welded tube is a widely used material in industrial field, namely HDPE.
We carried out an experimental study to test the sensitivity of both unwelded and welded structures by the butt-welding technique. The results of our research agree with the mechanical behavior of many polymers. For the two studied cases, the behavior of the HDPE used is relatively well known at the high stretching speed (Ve = 50 mm/min) and the high strain rate (έ = 1.6 s −1 ). In the case of welded specimens and after testing, the results showed the effect of the fused part (welding bead) on the overall behavior. It is observed that this fused part does not maintain the same mechanical characteristics despite the use of the same welding parameters. Two comparisons were made between the experimental and numerical results:
1. Results of the tensile tests of the base material 2. Results of the tensile tests of the welded material
The comparison between the experimental and numerical results of base material BM subjected to the tensile loads (Ve = 10 and 50 mm/min) shows a good correlation between the numerical model (viscoelastic-viscoplastic) and the experimental results obtained. It is thus concluded that the model used is applicable for HDPE.
The results of the tensile tests carried out at different stress speeds (welded material) were also compared. It is summarized that the drawing speed of the welded specimens caused an increase in the elastic limit and reduced the breaking strength. Unwelded specimens indicate a higher yield strength than welded specimens at all stretch speeds.
